Abstract: Gender differences in tryptophan (TRP) breakdown in obese individuals have been previously reported. This could be both contributory to, as well as a consequence of, gender differences in mood changes among obese people. To exclude the potential effect of depression on TRP breakdown and its levels in obesity, we replicated analyses in psychiatrically healthy individuals. In 1000 participants, plasma kynurenine (KYN), TRP, and the KYN/TRP ratio were compared between overweight/obese and normal-weight individuals using analysis of covariance, with adjustment for age and gender. Bivariate post hoc tests were also conducted. There were no significant relationships between KYN, TRP, or the KYN/TRP ratio and overall overweight/obese status. However, a significant gender by weight category interaction was identified for TRP only, with overweight/obese women having lower TRP than overweight/obese men (p = 0.02). No gender differences in TRP were found in non-obese participants. Our study in psychiatrically healthy individuals suggested that lower TRP levels in obese women were not secondary to depression, strengthening the possibility that TRP levels could mediate depression in vulnerable women. Thus experimental manipulations of TRP levels could be used to advance theoretical knowledge, prevention, and clinical control of depression in obese women.
Introduction
Obesity is a major medical problem, which has reached epidemic proportions in developed countries including the United States, affecting both adults and children [1, 2] . Insidiously, obesity is related to sequelae such as hypertension, type 2 diabetes mellitus, cardiovascular and cerebrovascular ischemic disease, and metabolic syndrome [3] . In addition, obesity has been linked to depression in adults [4] [5] [6] and shame in adolescents [7] . The relationship between obesity and depression is likely bidirectional, with obesity contributing to depression and vice versa [8] . Both obesity [9] [10] [11] and depression [12, 13] have also been linked with inflammation and activation of the immune system.
Following the onset of adolescence, the prevalence of depression is about 1.5-3 times higher in women than in men [14] . Obesity is considered to be a result of increased caloric intake (intake of all constituents of food, including carbohydrates, lipids, and proteins) and decreased physical activity. Increased protein intake is associated with the availability of amino acids such as the essential amino acid tryptophan (TRP), a substrate for the production of serotonin and melatonin, both of which are involved in the regulation of satiety and caloric intake. However, morbidly obese individuals have been found to have low, rather than high, TRP levels [15] . This finding may be explained by the conversion of TRP to kynurenine (KYN), with tryptophan 2,3-dioxygenase (TDO) and indolamine 2,3-dioxygenase (IDO) acting as the ratelimiting enzymes of this pathway [16] . Pro-inflammatory cytokines, potentially induced by inflammatory pathways, may result in IDO activation [17] while corticosteroids may activate TDO [18] .
In a recent study, Mangge et al. [19] found that, in comparison to normal-weight controls, overweight and obese adults between 18 and 65 years of age had elevated levels of KYN and an elevated KYN/TRP ratio (a marker of IDO activation). The most markedly significant increase was noted in adults who had metabolic syndrome. They also found that overweight/obese women had significantly lower TRP levels than overweight/obese men. However, there was no significant difference in TRP levels between overweight/obese individuals and normal-weight individuals.
Carpenter et al. [20] showed that obese women had 37% higher odds of having had depression in the past year than women who were not obese. In contrast, obese men had 37% lower odds of having had depression in the past year than normal-weight men. Individuals with depression have lower plasma TRP levels [21] and, hence, lower central nervous system (CNS) serotonin levels [22, 23] , which are associated with depression [24] . Experimental TRP depletion studies confirm the depressogenic role of lowering TRP [25] [26] [27] [28] [29] [30] [31] . To further explore the proposed bidirectional link with depression and both obesity and inflammation, we examine, to our knowledge for the first time, the relationship between obesity, KYN, TRP, and the KYN/TRP ratio in patients free of history of depression or other common psychiatric conditions.
Materials and methods

Participants
Male and female adults over the age of 18 from Munich, Germany, were randomly selected from the Munich City registry and invited via mail to participate in the study. This is a secondary analysis. The primary investigation was focused on the genetics of schizophrenia, with recruitment started in 1998. Medical and psychiatric histories were obtained from responders via telephone, and those who screened negative became a part of the control branch of the case-control study and were invited to a clinic where they were administered the Structured Interview for DSM-IV (SCID I and II) to confirm the absence of primary lifetime psychiatric and personality disorders. These individuals were also identified as having a negative history of suicide attempts. History of neurological (neurological examination) and psychiatric disorders in first-degree relatives (Family History Assessment Module of the SCID) were also ruled out. Participants over the age of 60 years underwent a Mini Mental State Examination (MMSE) to screen for cognitive dysfunction. All participants gave written informed consent, and the study was conducted with approval from the local Ethics Committee of Ludwig Maximilians University in Germany, within the parameters of the ethical standards of the Declaration of Helsinki (1964) .
The weight and height of the participants were obtained by selfreport. For those that could not recall their height and weight, measurements were taken.
Plasma samples were obtained to measure KYN and TRP levels by high-performance liquid chromatography as described by Widner et al. [32] . An estimation of the TRP breakdown rate was provided by the calculated KYN/TRP ratio.
Statistical analysis
Self-reported or measured weight and height were used to calculate body mass indices (BMIs) and categorize participants as normalweight (BMI ≤ 24.9) versus overweight/obese (25 ≤ BMI ≤ 29.9 for overweight and BMI ≥ 30 for obese). The means and standard deviations of KYN and TRP were calculated. Analysis of covariance was performed to determine the relationship between weight groups and KYN, TRP, and KYN/TRP, with adjustments for age and gender, to check for significant effects and interactions. If an interaction was significant, post hoc t-tests were performed. Criterion α was set at 0.05, two tailed.
Results
Demographics
Our sample consisted of 1000 healthy adults between the ages of 20 years (minimum) and 74 years (maximum) from Munich, Germany. There were 490 men (49%) and 510 women (51%) in the sample (χ 2 = 0.40; df = 1; p = 0.53). Average age (mean±SD) was 53.6 (±15.8) years overall; for men, the mean age was 56.1 (±15.0) years and for women it was 51.1 (±16.1) years (t = 5.00; df = 998; p < 0.0001).
Of the 1000 individuals in our sample, data on BMI were available for 997 individuals (489 men and 508 women 
As expected, individuals who were overweight/obese were significantly older than individuals who were not Overweight/obese (57.96±13.33 vs. 50.27±16.64 years; t = −7.82, df = 995, p < 0.0001). Similarly, obese (BMI ≥ 30) individuals were significantly older than those who were not obese (60.54±11.77 vs. 52.95±15.94 years; t = −4.06, df = 995, p < 0.0001). There were significant differences in ages between the obese, overweight, and normal-weight adults (F (2,994) = 32, p < 0.0001).
Kynurenine, tryptophan, and overweight/obese status
Data on KYN, TRP, and KYN/TRP were available for 976 subjects; of these, three subjects did not have data on BMI and weight status (overweight/obese or not). Therefore, data on 973 participants were used for the analysis of weight status and KYN, TRP, and KYN/TRP. Of the subjects excluded for lack of KYN and TRP data, 12 were overweight/obese and two were obese. Mean (±SD) level for (1, 968) = 0.02, p = 0.90] after adjustment for age and gender, but there was a significant interaction (Figure 1 ) between gender and weight status [F (1,968) = 4.53, p = 0.03]. A post hoc Tukey test showed that there was a significant difference in TRP levels between overweight/obese women and overweight/obese men (p = 0.02), with overweight/obese women having lower levels of TRP. There was no significant difference in TRP between women and men who were not overweight/ obese.
Discussion
Our study is the first study conducted on the relationship between obesity and KYN, TRP, and KYN/TRP in healthy individuals who were screened for neurological and psychiatric illness, including mood, psychotic, and personality disorders. We found that, in contrast to previous reports, in psychiatrically healthy individuals there was no significant relationship between overweight/obese status and levels of KYN and KYN/TRP. Furthermore, as expected based on prior research, we found that overweight/obese women had significantly lower levels of TRP than overweight/obese men.
A study by Mangge et al. [19] found a relationship between overweight/obese status and elevated levels of KYN and KYN/TRP, the latter likely associated with IDO (rather than with TDO) activation because higher KYN/ TRP in obese individuals has been previously documented to be also associated with signs of immune activation [15] . In the study by Mangge et al. [19] , participants were excluded if they were on medications or hormone replacement, and psychopathology, including personality disorders, was not screened for using a gold standard measure. The elevated KYN/TRP was considered to be the result of inflammation associated with obesity. It has been shown in previous studies that IDO activation and elevated levels of kynurenine pathway metabolites are associated with various psychiatric disorders, including depression [12, 13] and schizophrenia (reviewed in Sublette and Postolache [33] ). Contrasting our results with previous studies suggests that the elevation in KYN and KYN/TRP ratio associated with IDO or TDO activation may be the result of psychopathology or of unmeasured causes of psychopathology and not necessarily due to inflammation or cortisol elevation associated with obesity. Increased cortisol in overweight/obese individuals would also explain higher KYN/TRP and KYN with lower TRP.
Furthermore, we found lower levels of TRP in women who were overweight or obese in comparison to men who were overweight or obese. There was no significant difference in TRP between normal-weight men and women. This finding is not necessarily associated with obesity, as lower TRP (and KYN) levels in women as compared with men have been reported to be independent of obesity, potentially in association with higher rates of depression in women (e.g., Widner et al. [32] )
Carpenter et al. [20] reported that obese women have 37% higher odds of having had depression over the past year compared to normal-weight women, whereas obese men have equally lower odds of having had depression over the past year compared to normal-weight men. Tryptophan depletion decreases CNS TRP availability and has been associated with depression [22, 23, [26] [27] [28] [29] , potentially moderated by certain serotonin transporter gene polymorphisms [30, 31] . Furthermore, tryptophan depletion and decreased CNS serotonin availability have also been associated with impulsivity in both animal and human studies [34] . Impulsivity itself is associated with rapid discernment of high-calorie foods [35] and increased responsiveness to delectable food items [36] . By excluding patients with mood disorders, our study firmly establishes that the lower tryptophan in obese women is not a consequence of depression.
Also, our results suggest that, while decreased TRP may lead to depression in women, an additional predisposition for depression is necessary, as the obese women participating in this study had no history or symptoms of depression. It should also be noted that the individuals in our sample were, in a sense, "hypernormal" as they did not have a family history of depression, raising the possibility that they may have some genetic or environmental protective factors and possibly explaining why in our study obese women with low TRP did not have depression. It appears that lower TRP alone precipitates depression only in conditions of additional vulnerabilities, such as genetic or developmental factors.
Lower TRP could also be one reason for obesity development when it is accompanied with lower brain serotonin that leads to an increased intake of food rich in calories [37] [38] [39] . It should be noted that the findings of Mangge et al. [19] of elevated KYN/TRP would proscribe against TRP repletion in obese women, as it would result in increased KYN and its metabolite quinolinic acid in glial cells. Quinolinic acid, through its agonist action on N-methyl-d-aspartate receptors, is neurotoxic and could worsen preexisting depression and trigger syndromal depression in vulnerable individuals. Therefore, a trial of TRP repletion could only be justified for low TRP without elevation in KYN or KYN/TRP ratio, as we are now reporting in our study.
Limitations of our study include the self-reported weight and height of many participants and lack of measurement regarding certain confounders related to obesity, inflammation, and serotonin function, such as sleep (e.g., sleep apnea). Regarding self-reported weight, the majority of the evidence supports individuals' ability to accurately self-report their weight [40, 41] . Nonetheless, there is also evidence that women may under-or overreport their weight [42] . However, a particular strength of our study is the use of a structured psychiatric evaluation (using SCID I and II) to rule out psychopathology in participants, and the use of the Family History Assessment Module to rule out psychopathology in first-degree relatives of participants. We thus were able to minimize, if not exclude, the effect of depression and other mental illness on inflammation, IDO, KYN, and TRP.
Conclusion
Our finding, that overweight/obese women had lower TRP levels than overweight/obese men suggests that low TRP, thus low CNS serotonin synthesis, may contribute to either vulnerability to depression in obese women or vulnerability to obesity in depressed women. Excluding patients with mental illness leads us to conclude that low TRP itself is not a consequence of depression in obese women. The finding that low TRP in our sample of psychiatrically "super-healthy" obese women was not associated with depressed mood are consistent with previous findings that suggest that low TRP alone is not a sufficient cause of depression. Additional experimental paradigms or clinical trials using TRP depletion or supplementation could advance our understanding of molecular interactions between metabolic and affective dysregulation.
